The purpose of this research work is to build a multiple linear regression model for the characteristics of multicylinder diesel engine using multicomponent blends (diesel-pungamia methyl ester-ethanol) 
Introduction
The problems faced by both developing and developed countries which were not having the sources of fossil fuels, leads to an increasing their attention to alternative fuels. The net export income of these countries vanishes to overcome the fossil fuel import. The unpredictable climate change and annual rise of earth temperature attract more attention towards alternative technology. Many research works were carried out with number of techniques for the past two decades to replace diesel fuel either by sole or partially substitutions. Based on the results of these researches, the fuels from bio origin are best suited for existing diesel engine without much modification. These bio origin fuels have three dimensional advantages. The reduction on demand for fossil fuel is first one, even small percentage of replacement can save import considerably. Secondly, the bio fuels are almost oxygenated and hence lesser environmental pollution. Finally, the awareness, attention and cultivation of bio products may increase rural employment, which are regarded as waste land.
The high cetane number, comparable energy content, better lubricity, and higher flash point of biodiesel show its suitability in diesel engine. The slightly higher thermal efficiency and reduction in emission characteristics like smoke, unburned hydrocarbon, and carbon monoxide were also reported as benefits of biodiesel in diesel engine. However the higher density, lower volatility, higher fuel consumption and increase of oxides of nitrogen emissions were the limiting points of biodiesel. In the case of ethanol which is considered as low cost additive and having 34% oxygen in weight [1] . The lower cetane number, flash point, and poor solubility of ethanol are barrier for its usage in diesel engine. Combining these two different fuels would also adding benefits of these two and compensating drawbacks of each other. The addition of ethanol would improve cold flow properties of the blend [2] . On the other hand the solubility of ethanol will be greatly improved by adding biodiesel without other additives [3] . The multi component fuel comprising diesel, biodiesel and ethanol was tried in diesel engines [4] [5] [6] [7] [8] . The performance and emission analysis of these blends were reported. Extensive combustion analysis of these blends and regression model was not reported. Some researchers were worked with regression model [8] and artificial neural networks for existing diesel engine using diesel [9, 10] , and diesel-biodiesel blends [11] . In this present investigation, biodiesel from pungamia methyl ester and ethanol were blended with diesel. The performance, combustion and emission analysis of diesel engine were carried out using hybrid blends as fuel.
The experiments were conducted based on 13 mode European stationary cycle. Nine blends were prepared and used for experiments. The precentage of diesel was varied from 100 to 10% by vol. and biodiesel was from 80 to 10% by vol. and keeping ethanol as 10% constant. Based on experimental data, multiple linear regression equations were formed to predict the performance, emission, and combustion characteristic of multicylinder diesel engine using simulation program.
Linear regression equations
The linear equations were formed based on the experimental data [12] , which is given in eq. (1):
The regression coefficients (b 0 , b 1 , b 2 ….., and b n ) were determined from the observed data. The system of linear equations were formed using the correlations (eqs. 2-5):
This equations were solved using Gauss's elimination with backward substitution method. The linear system of equations based on solving method given by Burden and Faires [13] 
To solve these equations the augmented matrix Ã was formed as: Gopal 
The entries in the (n + 1) th column are the values of 'b', provided a 11 ¹ 0, the corresponding operations [E j -(a ji /a 11 )E 1 ] ® (E j ) were carried for each j = 2, 3, ... n to eliminate the coefficient of b i in each of these rows. The resulting matrix is in the form: 
The new linear system is triangular in the form of eq. 9.:
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Continuing this process, the b i in the form of:
Substituting the value of b i in eq. (1), the regression equation was formed. These equations can be used to predict the value of dependent variable in terms of independent variables. Statistical analysis to for the regression model and validation of experimental data was also carried out. The regression coefficient (r 2 ), adjusted correlation coefficient (adj. r 2 ), standard error of estimate (SEE) and test for significance parameters (t and F value) were also discussed.
Experimental set-up and method
The experiments were conducted in a multi cylinder (six cylinder) water cooled naturally aspirated diesel engine (HINO. An eddy current dynamometer (130 kW capacity) was coupled to the engine with suitable propeller shaft for balancing. The volumetric fuel metering system for fuel flow rate measurement. The air box fitted with orifice and monometer was used for measuring steady flow of inlet air and exhaust gas. The exhaust gas analyzer (AVL Digas 4000) was used to measure the exhaust emissions. The smoke opacity (HSU) was measured with the help of continuous flow smoke meter (AVL 437). A piezoelectric pressure transducer was flush mounted in sixth cylinder and the crank angle encoder (AVL 365C) was fitted at the end of the output shaft. The pressure and crank angle signals were conditioned and amplified using four channel charge amplifier. The data acquisition card connected to the personal computer receives the signal from amplifier and converts these signals in to useful data with the help of software. The layout of experimental set-up is shown in fig. 1 and the specifications of the engine are given in tab. 1. The measuring devices and accuracies were given in tab.2. The experiments conducted based on European stationary cycle (ESC) [14] , which is given in fig 2. In fig 2, thirteen modes are given, which is indicated inside the circle. Three speeds (n a , n b , and n c ) and four loads (25-100%) are numbered from 2-13. The number 1 is meant for idling speed and no load conditions. The percentage values indicated outside the circle are weighting factors, which are to be multiplied with emissions, eqs. (19)- (21) . The three speeds were determined from the correlations [15] given in eqs. 
The high speed (n h ) and low speed (n l ) were determined by calculating 70% and 50% of maximum rated power. Based on the trail experiments conducted in HINO engine, the values of n a , n b , and n c were 1500, 1600, and 1700 rpm. The maximum load specified by the manufacturer is 324 Nm, however the engine was reconditioned and the maximum load obtained was 290 Nm. Hence the four loads 72.5, 145, 217.5, and 290 Nm was chosen for the present work. The units of NO x , HC, and CO 2 emission were converted from ppm into g/kWh using SAE J177 [16] . The unit conversion from ppm into mass basis g/h for the emissions is given in eqs. (16)- (18) 
To verify this model, the experimental data of diesel and D60PME30E10 (diesel 60%, PME 30%, and ethanol 10% by vol.) blend was compared with predicted values. The experiments in multi cylinder (HINO) engine using three fuel blends were not carried out formerly. Hence to validate this model a hybrid fuel (D60PAME30E10) comprising diesel-palm methyl ester (PAME)-ethanol was used in the same engine and same operating conditions. For convenience purpose, the thermal efficiency, smoke emission and combustion characteristics of diesel and hybrid fuel blends are discussed for 1600 rpm and 25, 50, 75, and 100% loads. The NO x , HC and CO 2 emissions for the ESC cycle is discussed as g/kWh.
Result and discussion

Brake thermal efficiency
The linear regression equation to predict the brake thermal efficiency (BTE) in terms of speed (Ne), load (W), diesel (D) and biodiesel (PME) is given in eq. (22) 
The thermal efficiency of an engine depends on the speed, load, heating values, and specific gravity of the fuel. Since the power developed is directly proportional to speed and load. It is expected great influence on BTE. The specific gravity of the fuel is inversely proportional on BTE, higher specific gravity leads to lower BTE. The regression coefficient (r 2 ), adjusted regression coefficient, and standard error of estimate (SEE) for predicting equations were given in tab. 3. In the eq. (22) the load and speed have larger influence on predicting brake thermal efficiency of the engine, their test of significant (t) values were 22.677 and 13.170, respectively. The thermal efficiency of the engine operated with diesel is slightly higher than blended fuels ( fig. 3 ). This may be due to lower heating value of the biodiesel (12% and 8% lower than diesel for PME and PAME) and ethanol (40% lower than diesel) in the blend. The standard error of estimate for brake thermal efficiency of an engine operated with diesel, PME and PAME blends were 1.996, 1.824, and 1.721, respectively. The r 2 value of diesel, PME, and PAME blends were 0.958, 0.952, and 0.96, respectively. This analysis shows that all the three fuels are good agreement with the regression eq. (22) .
Smoke emissions
The predicting equation for smoke emission is given in eq. 23. 
In this equation load alone has a larger influence on predicting smoke value of an engine, its 't' value was 22.236. It can be seen from fig. 4 , the smoke emissions are increases drastically with load. This may be due to the relatively lower air-fuel ratio at higher loads when larger quantity of fuel is injected [17] . The speed of the engine and fuel content were lesser effects on smoke formation, their significant values were -1.310 for speed, 0.245 for diesel, and 0.0682 for biodiesel. The comparison of smoke emissions of the engine operated with diesel, and hybrid fuel blends is shown in fig. 4 of estimate for smoke of an engine operated with diesel, PME, and PAME blends were 4.35, 3.14, and 2.96, respectively. Due to the presence of oxygen concentration of blended fuels the lower smoke emission was observed The correlation coefficient of diesel, PME, and PAME blends were 0.904, 0.937, and 0.942, respectively.
Oxides of nitrogen (NO x )
The oxide of nitrogen emission of an engine is determined by peak combustion temperature, pressure and oxygen concentration [17] . The NO x emission for each mode in terms of speed (Ne), load (W), diesel (D) and biodiesel (PME) is given in eq. (24) The load (t = 35.002) on the engine was more influencing on predicting NO x emissions than other variables. The comparison of NO x emissions for diesel and hybrid fuel blends for ESC cycle is shown in fig. 5 . The NO x emissions for PME and PAME based hybrid fuel were 1.8 and 10.18% lower than diesel fuel for the cycle. This may be due to lower heating value of biodiesel and ethanol in the blend is expected to lowdown the pressure and temperature. The standard error of estimate for NO x of an engine operated with diesel, PME and PAME blends were 40.01, 35.12, and 18.71, respectively. It is also noticed from the figure, the NO x of the engine is more influenced by its load. The correlation coefficient of diesel, PME, and PAME blends were 0.901, 0.935, and 0.973, respectively.
Hydrocarbon (HC)
The hydrocarbon emission from the engine is determined latent heat of vaporization, combustion pressure and temperature. The HC emission for each mode in terms of speed (Ne), load (W), diesel (D) and biodiesel (PME) is given in eq. (25) The speed (t = 8.696) of the engine was more influencing on predicting HC emissions than other variables. The HC emissions for PME and PAME based hybrid fuel were 21.65 and 15.31% higher than diesel fuel for the cycle (fig. 6 ). This may be due to the presence of ethanol in the blend which has high latent heat of vaporization than diesel [18] and biodiesel and hence higher HC emissions were observed. The standard error of estimate for HC emission of an engine operated with diesel, PME and PAME blends were 0.106, 0.172, and 0.146, respectively. The correlation coefficient of diesel, PME and PAME blends were 0.78, 0.77, and 0.76, respectively. The deviation between predicted and experimental values for diesel and PME blend was negligible and PAME blend was 5.3%. 
Carbon dioxide emission (CO 2 )
The CO 2 emission of an engine depends on oxygen content and temperature of the combustion chamber. The linear regression equation for predicting CO 2 emission is given in eq. (26) 
This statistical analysis also shows the 't' value for load was 35.155 and 8.326 for speed, -0.240 for diesel and -0.173 for biodiesel. The CO 2 emissions for the hybrid fuel blends are higher than diesel ( fig. 7) . The more oxygen content of the biodiesel improves the combustion of blended fuel [19] . An average of 4.88 and 2.99% higher CO 2 emissions were observed with PME and PAME blends than diesel. The standard error of estimate for CO 2 emissions were 2712.4, 2348.08, and 1397.83 for diesel, PME, and PAME blends. The r 2 value of diesel, PME, and PAME blends were 0.877, 0.926, and 0.963, respectively. It may be noted from the figure the difference between predicted and experimental CO 2 emissions were negligible for all the fuels.
Maximum cylinder pressure (P max )
The peak cylinder pressure depends on the load, speed and the amount of fuel burned during premixed combustion stage. Equation (27) 
The peak cylinder pressure increase with load and speed, this is due to higher residual gas temperature and wall temperature at higher loads [20] . In this equation the load and speed have larger influence on predicting P max of an engine, their 't' values were 25.541 and 19.752, respectively. The P max for diesel and blended fuels are compared in fig. 8 . The standard error of estimate for P max of an engine operated with diesel, PME and PAME blends were 1.751, 1.225, and 1.596, respectively. It is also noticed from the figure, the maximum cylinder pressure of the engine is more influenced by load and speed of the engine. The peak cylinder for PAME blended fuel is higher than diesel and PME blended fuel. The correlation coefficient of diesel, PME and PAME blends were 0.92, 0.957, and 0.931, respectively.
Crank angle of maximum pressure (AP max )
The angle of maximum cylinder pressure is mainly influenced by rate of combustion and ignition delay [21] . Equation (28) 
In this equation the load and speed have larger influence on predicting AP max , their 't' values were 13.475 and 21.863, respectively. The predicted and experimental AP max of the engine for diesel and blended fuel is shown in fig. 9 .The peak pressure appears earlier for diesel fuel than fuel blends. This may be due to lower rate of combustion for hybrid fuel blends than diesel. The standard error of estimate for AP max of an engine operated with diesel, PME, and PAME blends were 0.235, 0.192, and 0.178, respectively. The r 2 value for diesel, PME, and PAME blends were 0.902, 0.973, and 0.969.
Angle of 5% mass burning (AI05)
The angle of 5% mass burning (AI05) is taken as SOC for this present investigation. The linear regression equation for 5% mass burning is given in eq. (29) .
In this equation the load and speed have larger influence on predicting AI05 of an engine, their 't' values were 10.814 and 10.083, respectively. The ignition delay is decreased with increasing load for all the fuels. When the load increases the gas temperature inside the combustion chamber will increase because of higher engine load, which will reduce the physical delay of any fuel [21] . The fuel content has least effect on predicting AI05 when compared to speed and load. The angle of 5% mass burning is lower for biodiesel blended fuels than diesel ( fig.10 ). This may be due to complex and rapid pre-flame chemical reactions takes place for hybrid fuel blends.The standard error of estimate for AI05 of an engine operated with diesel fuel was 0.209, PME in the blend was 0.221 and PAME in the blend was 0.115. The correlation coefficient of diesel, PME, and PAME blends were 0.832, 0.852, and 0.944, respectively. This shows that the equation is highly suitable for PAME blend than other blends.
Angle of 90% mass burning (AI90)
The crank angle of 90% heat release (AI90), indicates the end of combustion in the same way that AI05 indicates the start of combustion. The last 10% mass burning is not considered due to error associated with the assumption made in the heat release analysis [22] . The prediction equation for AI90 of different fuel blends is given in eq. 30: 
In this equation the speed and load have larger influence on predicting AI90 of an engine, their 't' values were 30.572, and 22.623, respectively. The fuel content has least effect on predicting AI90 (t value of diesel was -10.802 and PME was -10.334) when compared to speed and load. The AI90 increases with load, because of larger quantities of fuel need to be injected for higher loads. The angle of 90% mass burning of the engine operated with diesel and blended fuel is compared in fig.  11 .The standard error of estimate for AI90 of an engine operated with diesel, PME and PAME blends were 0.804, 1.02, and 0.641, respectively. As discussed earlier the combustion ends earlier for hybrid fuel blends. However for calculating combustion duration (AI90-AI05) the pungamia bio-diesel blended fuel is higher than diesel fuel. At 1600 rpm and full load condition, the combustion duration for diesel fuel is 27.41°C
A, whereas for PME and PAME blended fuels are 28.11 and 28.31°CA. The r 2 values for diesel, PME, and PAME blends were 0.93, 0.890, and 0.944, respectively.
Conclusions
The experiments were conducted in a multi cylinder direct injected diesel engine using diesel and diesel-pungamia methyl ester-ethanol as fuel. Based on the experimental data, multiple linear regression equations were formed to predict the performance, emission and combustion characteristics of these blended fuels. Statistical analysis of these equations gives r 2 and adj. r 2 almost nearer to 1. The standard error of estimate for brake thermal efficiency, smoke, NO x , HC, CO 2 , P max , AP max , AI05, and AI90 are 2.45, 0.921, 32.870, 0.364, 2123.07, 1.580, 0.383, 0.388, and 1.159, respectively. To validate this model, another hybrid fuel comprising diesel-palm methyl ester-ethanol was used as fuel in the same engine. The experimental and predicted value of this blend was also correlated with the regression equations. These equations can be used in multi cylinder diesel engine (HINO) to get information on performance, emission, and combustion characteristics using hybrid fuel blends without any expenses for experimentation.
